Abstract: A wideband spurious-free dynamic range (SFDR) expander that uses optical distortion control technique is proposed in this study for microwave photonic links. A thirdorder intermodulation distortion (IMD3), which is sensed by extracting the modulated optical carrier, will be monitored and attenuated adaptively by controlling the optical power injected into the photodetector. Therefore, the IMD3 can be suppressed below the noise floor (NF), and the SFDR can be expanded further. In addition, the sensing signal stems from the modulated optical carrier, which is independent of radio frequency. Thus, our system is essentially a broadband system whereby the dynamic range expander is applied to classical intensity modulation and direct detection microwave photonic link. Experimental results demonstrate that the SFDR is improved from 46.84 to 67.98 dB/Hz 2/3 with a −70 dBm noise power. The SFDR can even reach 150 dB/Hz 2/3 with a bandwidth of 36 GHz with a 1 Hz NF.
Introduction
Microwave photonic links (MPLs) that offer low loss, large bandwidth and electromagnetic interference immunity are required for various applications, such as radars, wireless communications, phased array antennas, and warfare systems [1] . A key figure of merit for MPLs is their spurious free dynamic range (SFDR) defined as the range of input powers over which the output signal is above the output noise floor (NF), and all the spurious signals are less than or equal to the output NF [2] . The minimum input power is limited by carrier-to-noise ratio (CNR), which is typically determined by the electrical and optical devices [3] - [5] ; whereas the maximum input power must be improved by optimizing the system structure to suppress the spurious signals.
In recent years, considerable efforts have been placed on two perspectives in designing structures with a high SFDR. One perspective focuses on linearization to the MPLs itself by constructing a compensation path in an optical domain using different optical dimensions, such as intensity [6] , [7] , phase [8] , polarization [9] , and wavelength [10] . By using these approaches, wideband MPLs with SFDRs of more than 120 dB /H z 2/3 have been reported. However, the other approach is promising to obtain SFDRs beyond 130 dB /H z 2/3 . The other perspective focuses on constituting external dynamic range expanders, such as digital compensation [11] - [14] , and phase-tracking loop [15] - [18] . However, digital compensation techniques are limited by quantization noise and processing bandwidth. The phase tracking loop method can increase the SFDR to 148 dB /H z 2/3 [18] , although it is also limited by the bandwidth narrowness caused by the loop delay. Thus, the broadband dynamic range expander is quite promising, but has not been reported.
In fact, the relationship between the power of the optical carrier and the modulation depth follows a monotone decreasing J 0 (x) Bessel function. The optical carrier can be extracted for the sensing modulation depth, which is related to the third-order intermodulation (IMD3). We propose and experimentally demonstrate an optical distortion control (ODC)-based broadband SFDR expander for MPLs. In practice, we use an optical filter to extract the optical carrier, which is converted to a variable direct current (DC) signal. The DC signal is processed electrically and drives a variable optical attenuator (VOA), which is placed before the optical to electrical (O/E) demodulation. Thus, IMD3 will constantly be suppressed below the NF. Hence, thereby increasing the SFDR. Our ODC based SFDR expander is a wideband system because the sensing signal is extracted from the optical carrier, that is independent of the radio frequency (RF). In the experiment, we use the traditional intensity modulation and direct detection (IMDD) link as an example. The results demonstrate that the SFDR can increase from 46.84 dB /H z 2/3 to 67.98 dB /H z 2/3 with a −70 dBm noise power through our method. A record SFDR of more than 150 dB /H z 2/3 across 36 GHz (from 4 GHz to 40 GHz) with a 1 Hz NF has been achieved. Fig. 1 illustrates a conceptual diagram of our ODC-based SFDR expander applied to a conventional IMDD link. The IMDD system is composed of a laser diode (LD), a Mach-Zehnder modulator (MZM), an optical circulator (OC1), a bias control circuit, and a photodetector (PD). OC1 and the control circuit comprise a bias control loop, which is used to avoid the DC drift phenomena. Our ODC modular is placed after the bias control loop. In the ODC modular, a modulated lightwave is divided into two parts by a single mode optical coupler (OC2). The signal path with the most optical power is used for recovering the RF signal. The monitor path with the fewest optical powers is used for monitoring the modulation depth and providing the control signal. In the monitor path, the lightwave is injected into an optical bandpass filter (OBPF). The center wavelength of the OBPF is set to be the same as the optical carrier. Thus, the optical carrier is extracted. A monitor PD (MPD) converts an optical carrier into an electrical DC information. This information represents the modulation depth of the MZM that follows the Bessel function. An electrical circuit is used to map the relation between the DC information and the controlling signal. This circuit contains an analog-to-digital converter, field programmable gate array (FPGA), and a digital-to-analog converter. With specific amplification, the output signal drives an microelectromechanical system (MEMS)-based VOA in the signal path. Thus, the optical power injected into the PD can be automatically attenuated followed by the input of the RF power. Our ODC will activate when the RF power is sufficiently large to generate a large IMD3 that is above the NF. Optical power is attenuated by a specific radio. The IMD3 is attenuated below than the NF. Therefore, the system can receive a large RF power without The IMD3, and the SFDR is improved. Generally, the process can be described in six steps.
Topology and Principle of Operation
1) A continuous wave lightwave is modulated in a traditional intensity modulation. Then, two sidebands will be generated in the optical domain.
2) The modulated optical signal is split into two paths, and an additional monitor path is obtained.
3) In the monitor path, an optical filter is used to extract the optical power of the optical carrier, which is related to the modulation depth in the previous modulation process. 4) This optical power information is converted into an electrical signal by a photodiode. Then, the electrical signal is converted by an analog to digital convertor and processed by an FPGA. 5) The output voltage of the FPGA feed is forwarded to a VOA. 6) A PD recovers the RF signal. Given the VOA, the IMD components will be decreased below the NF. Thus, the SFDR will be increased remarkably. Mathematically, a two-tone RF with an angular frequency of ω 1 and ω 2 modulates the MZM. An optical field at the output of the MZM can be expressed as follows:
where P 0 represents the optical power of the LD, ω O represents the angular frequency of the optical carrier; β = π
is the modulation depth of each RF signal, V RF is the amplitude of each RF signal, V π is the half wave voltage of the MZM, θ = π
is the optical phase difference between the arms, and V D C is the DC voltage used on the MZM. Based on the Jacobi-Anger expansion, the envelope of the signal in Eq. 1 can be expanded as follows:
where J l is the Bessel function of the first kind of order l. Through the passing VOA with the attenuated power of α(V c ), the microwave signal is recovered by the PD. α is a monotonic function that represents the attenuate function of VOA. V c is the control voltage added to the VOA. The output current is given as follows: where γ is the power consumption caused by the OC2. To ensure that the power of the IMD3 is lower than or equal to the NF, the following equation is used:
where NF represents the power of the NF,and Z is the impedance of the PD. On the basis of Eq.4, we can construct a relationship between the control voltage of the VOA and the modulation depth.
In the monitor path, the optical carrier is filtered by an OBPF. After the MPD and amplifier circuit, the output DC component can be denoted as follows:
that is the transfer function of the FPGA, can be calculated using Eqs.4 and 5. To avoid control ambiguity, f (x) must be verified monotonous. Let A (β) = B (β), we can calculate that third order output intercept point occurred while β = 1.31. The numerical simulation results of V m and α(V c ) are depicted in Fig. 2 . Both functions are monotonic functions when β ≤ 1.31. Thus, f (x) will also be a monotonic function. In addition, if the RF input power increases by 1 dB, then the IMD3s will increase by 3 dB. Therefore, the SFDR can be improved by 50% through our ODC method.
To investigate the performance of the system with a realistic signal, we assume that a vector data signal is carried by the RF signal. The output signal can be expressed as follows:
where v s represents the data signal added to the amplitude of the RF signal, ϕ s is the data signal added to the phase of RF signal. In Eq. 6, the optical attenuation has no effect the phase-coded output signal. For the amplitude-coded signal, the optical attenuation will reduce signal-to-noise ratio (SNR) with the same β. However, the ODC is only activated when the β is sufficiently large. In this case, the SNR is increasingly large that the reduction in SNR is tolerant. The reduced SNR is the same as an unreduced signal with a low β. Thus, the reduce SNR is verified to be usable.
Experimental Results
We utilized the ODC-based IMDD link (Fig. 1 ) to verify our analysis and demonstrate the SFDR and bandwidth performance of the link. The optical source in our experiment was a distributed feedback laser (emcore 1782B) with high power and low relative intensity noise [19] which was driven by a combination of a laser diode and a temperature controller (Newport, 6100). The driving current was set to 385.01 mA that allows the output optical power to be 19.35 dBm, and the wavelength is set to 1550.12 nm. A two-tone RF input signal set to 19.8 GHz and 20 GHz with a power of 10 dBm was injected into a lithium niobate single-drive MZM (Optilab, V π ∼ 4V @40 GHz). Then, a bias control circuit (PlugTech, MBC-Q-02) was used to maintain the MZM operation at the half-intensity point (quadrature). Then, a single-mode optical coupler (with a split ratio of 70:30) divided the modulated lightwave into two parts, wherein 70% was injected into a MEMS based VOA (OptiMems). The optical power injected into the PD without any attenuation was measured at 9 dBm. The VOA was an electrical drive device with high control accuracy and stable performance [20] . The driving voltage was generated from the monitor path, wherein the optical carrier was exacted by a fiber Bragg grating (FBG)-based optical filter (Teraxion) with a center wavelength of 1550.12 nm and a bandwidth of 2 GHz. A DC-coupled monitor PD converted the power of the optical carrier to monitor the analogy information, which was subsequently amplified and converted into digital signals by an ADC with an 8-bit resolution (AD9280). The digital signals is processed by a specific transfer function through an FPGA (Cyclone). We measured V c and V m to achieve the transfer function in the FPGA. The processed voltage (V c ) was converted back to analog voltage by a digital to analog convertor (DAC9708) to generate a suitable driving voltage applied to the VOA. Then, the ultimate RF output signal of the system was recovered through a high optical power handling photodetector with more than 40 GHz bandwidth (Discovery semiconductors, DSC20H-39). Electrical spectrum analyzers (ESA, R &S, and FSV40) were used for measuring. We recorded the IMD3 power and the monitor voltage at the output of the electrical amplifier as the input RF power varied from −20 to 18 dBm. The calculated β and measured voltages are demonstrated in Fig. 2 . The experimental results agreed with our theoretical analysis.
To illustrate the performance of the SFDR, we measured the RF power of the fundamental and IMD3 the as input RF powers that are varied discretely (Fig. 3) . The red line represents the frequency component of the proposed ODC dynamic range expander; The blue line represents the frequency component without our ODC. The NF was set to −70 dBm by adjusting the resolution bandwidth of the ESA to 5 MHz and the attenuation to 35 dB. In Fig. 3(a) and (b) , when the RF power was small, the IMD3 was below the NF. The red and blue lines nearly coincided, thereby indicating that our ODC is not activated. The entire system can be treated as a traditional IMDD link in this case. The IMD3 power increased versus the RF input power. The ODC strategy activated when the IMD3 power exceeded −70 dBm. The optical power injected into the PD was attenuated until IMD3 was reduced below −70 dBm again. The fundamental components decreased from −17.97 dBm to −41.0 dBm, as exhibited in Fig. 3(c) shows. With a high RF power, IMD3 and fifth-order modulation distortion (IMD5) would appear simultaneously (Fig. 3(d) ). IMD3 and IMD5 were suppressed below the NF, after the ODC processing. Moreover, the processing speed was very fast. In spite of the large loss in the fundamental components, the CNR reached 17.1 dB. Fig. 4 (a) and (b) present the output power versus the input power for the noise powers −70 and −166 dBm (NF measured at 1 Hz), respectively. When our ODC operates, the IMD3s were constantly below the noise power and the fundamental components would decrease with a slope of −2. The two plots, showed that our ODC method can significantly improve the SFDR of the link. For a −70 dBm noise power, the SFDR could be improved from 46.84 dB/Hz 2/3 to 67.98 dB/Hz 2/3 . This improvement value agrees with the value predicted by the discussion above. For a measured 1 Hz NF, the ODC would activate earlier. Accordingly, our system had been limited by the sensitivity of the PD, which was −31 dBm in our experiment. Thus, the SFDR could reach 150.97 dB/Hz 2/3 . The gain would dynamically decrease when our OAGC works. However, the system would continue to work properly despite this kind of dynamic decrease. Most of the mentioned in the introduction did not realize that, in actual scenario, the data were baseband signal multiplied on the RF carrier, rather than that in the RF carrier itself. No information was available on the dimension of the RF power. Thus, the gain did not have to be a constant value for the whole dynamic range. The operation performance was determined by the spurious-free CNR (SFCNR), rather than the gain. To enhance the SFCNR, we should suppress the noise for a small signal input and suppress distortion components for a large signal input. For the latter, the received signal was sufficiently large that we could sacrifice part of this large signal input to obtain the distortion suppression. The SFCNR was still sufficient, despite of the reduce in gain. For example, the Fig. 4(b) displays that our OAGC is eddective in point B , wherein the gain decreases, but the SFCNR remains the same as that in point A . This phenomenon was the case in a small signal input. Thus, the performance of point A and B were the same.
The bandwidth of the system was limited by the bandwidth of the modulator. A 40 GHz modulator (Optilab, IML-1550-40-G)was used to measure the operation bandwidth of the system. Fig. 5 presents the SFDR performance in different frequencies with 1 Hz NF. An SFDR beyond 150 dB /H z 2/3 was achieved with a frequency from 4 GHz to 40 GHz. The fluctuation value was measured as 1.85 dB. Therefore, our ODC link is a broadband system. A 20 MB/s 16QAM signal loaded on a 12 GHz RF carrier was added to the system by a vector signal generator (Agilent, E8267D), to prove the ODC performance when a realistic signal is added to the radio frequency. Fig . 6 illustrates the constellations of the output signal with different modulation depth when the ODC is activated. The error vector magnitude was measured to be less than 3% thereby indicating a high potential for many applications.
Conclusion
We propose and experimentally demonstrate a wideband dynamic range expander on the basis of the distortion monitor in the optical domain. This method is an effective means of improving the SFDR performance for MPLs. In the proposed expander, the power of the IMD3 is monitored by the modulated optical carrier caused by their monotone relation. Then, the optical power injected into the PD is attenuated through a VOA that is driven by a processed monitor signal when the IMD3 power exceeds the noise power. Ultimately, the IMD3 power can be reduced again below the noise power. Theoretically, the SFDR can be improved by 50%. The experimental results demonstrate that a SFDR of 150.97 dB/Hz 2/3 can be achieved. A flat operation bandwidth is obtained from 4 GHz to 36 GHz.
